Introduction
Single beam near-infrared (NIR) optical tweezers 1 provides unprecedented precision in investigating and manipulating microscopic objects, especially the living cells and molecules inside a sterile and closed environment. This allowed long-term fluorescence 2 and Raman 3 spectroscopic analysis of motile cells being immobilized by the tweezers without perturbing their natural environment. Though the large power density at the focused spot of a continuous wave (cw) laser beam is sufficient for excitation of fluorescence by two-photon excitation, 4, 5 the use of a pulsed beam for multiphoton excitation 6 provides a stronger two-photon fluorescence (TPF) signal of the optically trapped sample. 7, 8 A single NIR pulsed laser beam based 9 optical tweezers has been used to trap and excite TPF in the trapped microscopic objects. In spite of these technological advances, conventional optical tweezers-based trapping in three dimensions requires a high numerical aperture (NA) microscope objective so that axial gradient force is large enough to overcome the scattering and absorption forces. The low working distance of the high NA objective severely limits the depth at which the objects can be manipulated and analyzed. This has propelled the development of fiber optic-based optical trapping [10] [11] [12] [13] [14] and analysis. Though counterpropagating laser beams 10 from two single mode fibers with cleaved or lensed ends have been initially used to trap microscopic objects in three dimensions, it requires perfect alignment of the two fibers. Further, the effective size of the fiber-probe is limited by the bending radius of the fibers and therefore not suitable for in-depth applications. The single-beam fiber with spherical lens on the tip could only trap objects in two-dimensions. 11 This can be attributed to the fact that tight focusing of a beam from a single mode fiber using a spherical microlens is not free from aberrations which leads to smaller restoring force in axial direction. Even use of a taper or axicon 12 on a fiber tip for trapping required an additional counter-balancing force of nonoptical origin.
However, proper design and fabrication of micro-axicon on tip led to realization 13, 14 of three-dimensional trapping using a single optical fiber. The three-dimensional (3D) cw trapping using a fiber axicon microlens was possible 13, 14 due to nearly diffraction-limited focusing 15 and characteristic Bessel-Gauss beam profile emerging from the microaxicon tip fiber. For large tip cone angles, the scattering force of the output beam from the microaxicon single mode fiber on dielectric objects has been shown to be reduced as compared to the axial gradient force. Here, we report the development of femtosecond fiber optic tweezers for simultaneous in-depth trapping and two-photon excitation in fluorescent microscopic objects. Most notably, trapping depth of a few centimeters was achieved inside a colloidal sample with TPF from the trapped object being visible to the naked eye. 
Materials and Methods 2.1 Fabrication of Microaxicon Fiber Tip
Single mode optical fiber appropriate for 980 nm was used for preparing the axicon-tip fiber. One end of the mechanically cleaved bare single mode fiber was dipped into 50% hydrofluoric (HF) acid containing a protective layer (e.g., Toluene) at the top [ Fig. 1(a) ]. The tip formation takes place at the interface of the etching liquid and the protecting overlayer. As described by Hoffmann et al. 16 the cone angle of the fiber tip is determined by the contact angle of HF with the fiber. The etching process is self-terminating and the cone angle is influenced by the liquid used as the top protection layer. Figure 1 (b) shows a microscopic image of an axicon tip, prepared using a single stage chemical etching process. For fabrication of a large cone angle tip, the twostep etching technique 17 was employed. After the first selective chemical etching step, the tapered region has a small cone angle. The second selective etching resulted in large cone angle axicon tip [ Fig. 1(c) ]. Figure 1(d) shows the SEM image of such a tip.
Experimental Setup and Schematic of Fiber-Optic Tweezing and Two-Photon Excitation
The schematic experimental setup for fiber optic tweezers and two-photon excitation is shown in Fig. 2 (a). The output of the Ti:Sapphire laser (Maitai HP, Newport Spectra-Physics, Inc.) was expanded (BE) and coupled into the cleaved end of the axicon-tip single mode optical fiber using a 10× microscope objective (O). The microaxicon tip end of the fiber was held by an XYZ mechanical manipulator (or hand) and inserted into the cuvette (C). A side-viewing 10× microscope objective was used to image the microaxicon tip, trapped microspheres, and the two-photon fluorescence onto a video camera. In some cases, the two-photon fluorescence was observed by the naked eye by using a laser-safety eye glass or using a 100× microscope objective. The suspension of fluorescent polystyrene beads, dispersed in distilled water, was placed in the cuvette (C), and transilluminated using a white light source. An infrared cut-off filter was used to block the NIR laser beam reaching the CCD. The images of trapping and two photon excitation (TPE) of objects were digitized using a frame grabber and computer. The image analysis was done using Image J software.
Beam Propagation for Two-Photon Excitation and 3D Trapping 3.1 Measurement of Beam Profile Through Microaxicon
An axicon is a specialized type of lens having a conical surface, which can be used to turn a Gaussian beam into a Bessel beam, with greatly reduced diffraction. Recent studies have shown 15 that conical optics can focus better than spherical ones with the smallest optical confinement zones. For different cone angle tips, the transverse beam profiles and propagation distance were measured by using a microscope objective, translated over a 20 μm range with a resolution of 1 μm. The measured beam profiles at different distances from the tip showed truncated Bessel-like beam profiles with few concentric rings. For a very small cone angle tip, the rays coming out from radially opposite locations of the tip do not intersect in contrast to the situation shown in Fig. 2(c) . Further, transmittance of the beam through the smaller microaxicon cone angle tip (<30 deg) fiber was found to decrease substantially, which can be attributed to an increase in total internal reflection at the fiber tip. Though these tips might be well-suited for nearfield scanning microscope applications, two-photon excitation, and 3D-trapping requires higher transmittance and the highest intensity spot away from the tip. For a very large cone angle (>90 deg) tip, though transmittance is high, the propagation distance of the emanating laser beam profile is too large to generate sufficient axial gradient force for efficient 3D trapping. Therefore, for optimal two-photon fluorescence excitation and 3D trapping, anintermediate cone angle, i.e., between 40 to 60 deg, was used.
Simulation of Beam Profile Through Microaxicon
Truncated-Bessel (or Bessel Gauss) beams, having different propagation characteristics, can be generated by engineering the axicon microstructure on the tip of the single mode fiber.
For simulation of a beam profile emanating from the axicon microstructure, let us start with the fundamental mode of the fiber,
where ω is the mode field size. The electric field propagating from the tip at any observation point (x 0 ,y 0 ) can be described 18 as:
where E (x 1 ,y 1 ) is the field at the point (x 1 ,y 1 ) on the base of the microaxicon, which can be calculated usingE fund and accounting for the phase acquired along the axicon-tip region. For axicon base radius (r) of 3 μm, height of axicon (T) = 5.4 μm, and half tip cone angle (θ ) of 29 deg [ Fig. 3(a) ], the transverse beam profiles at different axial distances from the tip was simulated for laser beam wavelength of 900 nm. Figure  3 (b) shows a typical mode profile of the NIR beam transmitted through the axicon tip fiber calculated at a distance of 10 μm from the axicon tip. The fewer rings in Fig. 3(b) are indicative of the truncated nature of the Bessel beam obtained when a microaxicon is illuminated by a Gaussian beam of very small size (core diameter of fiber ∼ 6 μm). The refractive index of axicon and water (as the surrounding medium) was taken as 1.5 and 1.33, respectively, for these calculations. Since the beam profile measurements were done in air as surrounding medium, the experimental measurements were not in exact agreement with these theoretical simulations. The simulations showed the beam waist is smallest at a distance of ∼5 μm from the tip of the axicon for θ = 29 deg. Therefore, the two-photon fluorescence intensity excited by the beam is expected to be highest at this axial distance for these microaxicon parameters. Further, the propagation distance was found to be ∼6 μm.
Radiation Forces Due to Axicon Tip Fiber Tweezers in Rayleigh Regime
The optical trapping forces on the Rayleigh particles 19 due to the beam emanating from the microaxicon fiber tip can be calculated using the transverse beam profiles [ Fig. 3(b) ] obtained at different axial distances. Considering a dielectric sphere (radius a = 50 nm, dielectric constant ε 1 ) in a medium (dielectric constant ε 2 ; magnetic permeability μ 2 ) being illuminated by a linearly polarized (parallel to the x axis) z-propagating beam from the microaxicon. The Rayleigh particle in the instantaneous electric field E(r, t)acts as a point dipole, whose dipole moment (in MKS units) is given by
where m = n 1 /n 2 (in our case, 1.59/1.33) is the relative refractive index of the particle. The radiation pressure force exerted on the particle in the Rayleigh regime has two components. One of these force components is a so-called scattering force, given by
The other component is a gradient force due to the Lorentz force acting on the dipole induced by the electromagnetic field. By using the electric dipole moment of Eq. (2) as an electrostatics analogue of the electromagnetic wave, the instantaneous gradient force is defined by [Newton]
Total Scattering Gradient Fig. 4 Plot of radiation forces on a 50 nm polystyrene particle due to trapping beam power of 100 mW. Arrow points to stable axial trapping position.
The gradient force which the particle experiences in a steady state is the time-average version of Eq. (4) and is given by
By substituting the obtained mode profiles [ Fig. 3(b) ] in Eqs. (3) and (5), respectively, the scattering and gradient forces were obtained (Fig. 4) . Figure 4 shows the calculated scattering and axial gradient force as well as the total force along an axial direction on a polystyrene particle (n = 1.59) of radius 50 nm due to a laser beam power of 100 mW propagating through the axicon tip (T = 5.4 μm, r = 3 μm, θ = 29 deg). From Fig. 4 , it is clear that the particle will be stably trapped along the axial direction (in addition to transverse directions by gradient force) at a distance of ∼ 6 μm (arrow marked) from the tip of the axicon. This is consistent with the fact that the beam width is minimal at a distance of ∼5 μm from the tip of the axicon [ Fig. 3(b) ] and the stable axial trapping position is shifted away from the axicon tip due to the scattering force. This stable axial trapping position and the magnitude of the axial trapping force were found to depend on the cone angle of the axicon as well as its refractive index and size of the particle. Therefore, the particle is expected to be trapped in this axial region. This stable trapping point and the magnitude of the trapping force were found to depend on the cone angle as well as refractive index of the axicon and size of the particle. 
.1 Trapping and TPE of Fluorescent Objects Using Axicon Tip Single Optical Fiber
Theoretical simulation of forces exerted by the beam from the microaxicon tipped single fiber on dielectric objects showed that the axial gradient force can overcome the scattering force even for nanoobjects, thus enabling single beam three-dimensional trapping using fiber-optic axicon with 20 deg < θ < 40 deg. Though fs tweezing was as effective as cw tweezing, the Ti:Sapphire laser was operated in fs mode only for the time period for TPF recording, so as to cause least damage 2 to the trapped sample. Figure 5 shows two-photon fluorescence excitation [ Fig. 5(b) ] while trapping fluorescent polystyrene particle [ Fig. 5(c) ] in a single fiber fs optical tweezers was realized using an axicon tip with θ = 20 deg [ Fig. 5(a) ]. Quite stable two-photon excited fluorescence intensity was observed over the extended observation period (>5 min), under an inverted microscope. As discussed earlier, an intermediate axicon cone angle was found to provide better trapping stability. The two-photon fluorescence intensity map inside the particle was found to have a peak at an axial distance of 3.5 μm. However, the simulations showed that the beam waist is smallest at a distance of ∼3 μm from the tip of the axicon for θ = 20 deg. The small deviation from the simulated beam profile can be attributed to the presence of the particle acting as a microlens and refocusing the laser beam.
It may be noted that in contrast to two-photon excitation using a high NA microscope objective, a relatively longer streak of fluorescence was observed along the microsphere length [ Fig. 5(c) ] for microaxicon-based excitation. For θ = 20 deg, the propagation distance was theoretically estimated to be ∼4 μm, which matched the observed fluorescence. This has a distinct advantage for high signal-to-noise ratio detection of cells and molecules in the trapped region. However, this compromises the axial resolution. For higher axial resolution, smaller cone angle microaxicon may be used. Indeed near-field trapping can be achieved 14 using very small cone angle fiber axicons and therefore it can achieve two-photon excitation with high depth resolution. Figure 6 shows trapping and two photon excitation of trapped fluorescent microspheres at depth exceeding few cm. The axicon tip [ Fig. 6(a) ] was immersed in the fluorescent microsphere suspension as shown in Fig. 6(b) . The side-viewing objective (10×, NA = 0.25) was used to image the tip and the trapped fluorescent particles inside the cuvette at a depth >1 cm [ Fig. 6(b) ]. Figure 6(c) shows the image of TPE fluorescence from a trapped 3 μm polystyrene particle at laser beam power of 84 mW in mode-locked condition. The highly-localized TPF was clearly visible to the naked eye. Figure 6 (d) (Video 1) shows bright field image of trapping of the particle along with TPF using the side-viewing objective. With use of an IR cut-off filter, the TPF from the trapped particle could be filtered from the scattered light [ Fig. 6(e) ]. Figure 6 (f) shows a zoomed view of the trapped and two-photon excited fluorescent particle. The bright field image of two particles trapped along the axial direction is shown in Fig. 6(g) . Figure 6 (h) shows the TPF from both the trapped particles. The axial positioning of the two particles will be influenced by the propagation distance of the Bessel-Gauss beam and also by mutual interaction due to optical binding. 14 Further, axial optical binding is known to depend on the size of the particle and therefore it will influence the distance between the two particles. Owing to the fact the these events occurred at a large depth from all sides of the cuvette, the side viewing objective with low NA limited us from resolving the distance between the two optically bound particles. The fiber optic trapping was so stable that the TPF was observed by naked eye when holding the fiber in hand. Further, the trapped particle could be moved in 3D by slow maneuvering of the fiber. Figure 6 (i) shows a zoomed view of the trapped and two-photon excited fluorescent particles with IR filter. The fact that a similar level of TPF intensity was observed from both the trapped particles indicates that the particle near the axicon tip might have refocused the laser beam onto the second particle [ Fig. 6 (i)]. Figure 6 (j) shows variation of the TPF intensity from the trapped particle as a function of average power of the fs laser beam. Fitting the data to a quadratic equation showed a two-photon nature of the process.
In-Depth Trapping and Two Photon Excitation of Trapped Fluorescent Microscopic Objects
It may be noted that a significantly large observation time could be achieved due to reduced photobleaching in the case of TPF excitation. The combination of the two noncontact methods in a single assay offers a powerful tool for studying cellular systems in large depths not possible earlier, by allowing simultaneous correlations made between molecular changes reported by fiber optic TPF, and micromechanical transitions probed by the fiber optical tweezers. The combined use of TPE and optical trapping using a single fiber optical device will enable indepth analysis of nonadherent samples in microfluidic as well as bulk samples for in situ diagnostics. With the help of a 2×1 fiber optic splitter, the axicon-tip fiber, used for trapping, can collect the two-photon excited fluorescence (instead of the sideviewing imaging CCD used in the present study) for further analysis. Illustration of the concept for highly-sensitive detection of fluorescently-stained bacteria by two-photon excitation Fig. 7 Illustration of the concept for highly-sensitive detection of fluorescently-stained bacteria by two-photon excitation subsequent to concentration of the bacteria using fiber optic tweezers. subsequent to concentration of the bacteria using fiber optic tweezers is shown in Fig. 7 .
Conclusions
Theoretical simulations and experiments on the use of an axicontipped single fiber probe for simultaneous trapping and TPE fluorescence of fluorescent nano/microscopic particles were demonstrated. The axial confinement of TPE and trapping efficiency was found to be dependent on the cone angle of the fiber tips owing to the increasing propagation distance of the Bessellike beam with increasing tip cone angle. Using this method, trapping depth of a few centimeters was achieved inside the colloidal sample with TPF from the trapped object(s) being visible to the naked eye. The integrated fiber optic manipulation and spectroscopy/imaging modality will enable in situ diagnosis of diseases at cellular level and help understand the cause of physical and biochemical changes during progression of a disease. Along with in-depth trapping and excitation of fluorophores, the proposed microaxicon tipped optical fiber can also be used for rotation, stretching, and ablation of microscopic samples.
